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The mass and coupling of the axial-vector tetraquark T 0bc;u¯d¯ are calculated by means of the QCD
two-point sum rule method. In computations we take into account contributions arising from various
quark, gluon and mixed vacuum condensates up to dimension 10. The central value of the mass
m = (7105± 155) MeV lies below the thresholds for the strong and electromagnetic decays of T 0
bc;u¯d¯
state, and hence it transforms to conventional mesons only through the weak decays. In the case
of upper value m = 7260 MeV the tetraquark T 0
bc;u¯d¯
becomes the strong- and electromagnetic-
interaction unstable particle. In the first case we estimate the full width and mean lifetime of
T 0
bc;u¯d¯
using its dominant semileptonic decays T 0
bc;u¯d¯
→ T+
cc;u¯d¯
lνl (l = e, µ, τ ), where the final-state
tetraquark is a scalar state. In the context of the second scenario we calculate partial widths of
S-wave strong decays T 0bc → B
∗−D+ and T 0bc → B∗D
0, and using these channels evaluate the full
width of T 0
bc;u¯d¯
. Predictions for the full width Γ = (3.3 ± 0.5) × 10−10 MeV and mean lifetime
τ = 1.99+0.36
−0.26 ps of T
0
bc;u¯d¯
obtained in the context of the first option, as well as the full width
Γ = (63.5±8.9) MeV extracted in the second scenario may be useful for experimental and theoretical
exploration of double-heavy exotic mesons.
I. INTRODUCTION
During last two decades double-heavy tetraquarks as
real candidates for stable four-quark states became sub-
jects of intensive studies. In the pioneering papers [1–3]
it was demonstrated that a heavy Q and light q quarks
may form the stable exotic mesons QQq¯q¯ provided the
ratio mQ/mq is large enough. These results were ob-
tained in the context of a potential model with the ad-
ditive pairwise interaction, but even models with relaxed
restrictions on the confining potential led to the simi-
lar predictions. Indeed, in accordance with Ref. [4]
the isoscalar axial-vector tetraquark T−
bb;ud
turns to be
strong-interaction stable state that lies below the BB
∗
threshold. It is worth noting that an only constraint
imposed in Ref. [4] on the potential was its finiteness
at close distances of two particles. Therefore, T−
bb;ud
de-
cays to conventional mesons only through weak processes
and has a long lifetime, which is important for its exper-
imental exploration. A situation with the tetraquarks
Tbc;q¯q¯′ and Tcc;q¯q¯′ was not clear, because bc and cc di-
quarks might constitute both stable and unstable states.
In years followed after this progress, various mod-
els of high energy physics were used to investigate the
double-heavy tetraquarks TQQ [5–12]. Recent interest to
these problems was inspired by results of the LHCb Col-
laboration on properties of the doubly charmed baryon
Ξ++cc = ccu [13]. Parameters of this baryon were used in
Ref. [14] to evaluate the mass and analyze possible decay
channels of T−
bb;ud
. Predictions obtained there confirmed
∗Corresponding author
the stability of T−
bb;ud
against the strong and electromag-
netic decays to B−B
∗0
and B−B
0
γ, respectively. The
strong-interaction stable nature of the tetraquarks T−
bb;ud
,
T−bb;us, and T
0
bb;ds
was demonstrated in Ref. [15] by invok-
ing heavy-quark symmetry relations. The mass and cou-
pling of T−
bb;ud
was evaluated in our work [16] as well, in
which we estimated also its full width and mean lifetime
using the semileptonic decay channel T−
bb;ud
→ Z0
bc;ud
lν¯l .
Another class of four-quark mesons, namely one that
contains the heavy diquarks bc is on agenda of physicists
as well. The scalar and axial-vector tetraquarks bcud
are particles of special interest, because they may form
strong-interaction stable compounds. But calculations
performed in the context of different approaches lead con-
troversial results. Thus, the Bethe-Salpeter method pre-
dicts the mass of the scalar tetraquark Z0
bc;ud
(in what
follows Z0bc) at around 6.93 GeV, which is below the
threshold 7145 MeV for S-wave strong decays to heavy
mesons B−D+ and B0D0 [17]. Recent analysis demon-
strated that Z0bc lies 11 MeV below this threshold [14],
whereas the authors of Ref. [15] found the masses of
the scalar and axial-vector tetraquarks bcud equal to
7229 MeV and 7272 MeV, respectively. These predic-
tions make kinematically allowed their strong decays to
ordinary B−D+/B0D0 and B∗D mesons.
It is interesting that lattice calculations prove the
strong-interaction stabile nature of the axial-vector
tetraquark udbc, because its mass is below the DB∗
threshold [18]. However, the authors could not decide
would this exotic meson decay weakly or might transform
also to the final stateDBγ. The stability of JP = 0+ and
1+ isoscalar tetraquarks bcud was confirmed in Ref. [19],
in which it was found that JP = 0+ state is a strong-
and electromagnetic-interaction stable particle, whereas
2JP = 1+ may also transform through the electromag-
netic interaction.
In the context of the QCD sum rule approach the
spectroscopic parameters of the scalar tetraquark Z0bc
were calculated also in our work [16]. For the mass of
Z0bc computations predicted mZ = (6660 ± 150) MeV,
which is considerably below the threshold 7145 MeV.
The electromagnetic decay modes Z0bc → B0D01γ and
B∗D∗0γ are among forbidden processes as well, because
relevant thresholds exceed 7600 MeV and are higher
than the mass of Z0bc. In other words, in accordance
with our results the scalar tetraquark Z0bc is a strong-
and electromagnetic-interaction stable particle. The Z0bc
transforms due to semileptonic decays, which allowed us
to find in Ref. [20] its full width and mean lifetime.
In the present article we study the axial-vector
tetraquark T 0
bc;ud
(hereafter T 0bc) by computing its spec-
troscopic parameters and width. The mass m and cou-
pling f of T 0bc are obtained in the framework of the QCD
two-point sum rule method by taking into account vac-
uum expectation values of the local quark, gluon and
mixed operators up to dimension ten. Because the mass
m = (7105 ± 155) MeV of T 0bc is obtained with theoret-
ical errors typical for sum rule computations, there are
two options to find its full width and estimate lifetime.
Thus, the central value of the mass extracted here is lower
than the thresholds 7190 MeV and 7286 MeV for strong
S-wave decays of T 0bc to final states B
∗−D+/B∗D0 and
B−D∗+/B
0
D∗0, respectively. This mass is also lower
than the threshold 7145 MeV for the electromagnetic de-
cays D+B−γ/D0B
0
γ. Therefore, in this case the full
width and lifetime of the exotic meson T 0bc should be de-
termined from its semileptonic decays. But considering
the maximum theoretical prediction for m = 7260 MeV
one sees that it is higher than the threshold for strong
decays B∗−D+/B∗D0 and electromagnetic transitions
D+B−γ/D0B
0
γ. Realization of this scenario means that
the width of the tetraquark T 0bc is determined by mainly
strong decays, because branching ratios of semileptonic
and electromagnetic processes are very small and can be
neglected.
Here, to calculate the full width of the tetraquark
T 0bc, we consider both scenarios. In the first case m =
7105 MeV, and the processes T 0bc → T+cc;udlνl, l = e, µ
and τ are the dominant weak decay channels of T 0bc. We
treat the final-state tetraquark T+
cc;ub
as a scalar particle.
The differential rates of these semileptonic decays are de-
termined by the weak form factors Gi(q
2) (i = 0, 1, 2, 3),
which are evaluated by employing the QCD three-point
sum rule approach. Then, partial width of the decays
T 0bc → T+cc;udlνl can be found by integrating the relevant
differential rates over the momentum transfer q2. But
the sum rule method does not encompass all kinemati-
cally allowed values of q2, therefore we introduce fit func-
tions that coincide with sum rule predictions, and can be
extrapolated to cover a whole integration region.
In the second scenario m = 7260 MeV, therefore we
calculate the partial width of the strong S-wave decays
T 0bc → B∗−D+ and T 0bc → B∗D0. To this end, we use
again the QCD three-point sum rule method and eval-
uate the strong form factors g1(q
2) and g2(q
2). By ex-
trapolating these form factors to the corresponding mass
shells we determine couplings of the vertices T 0bcB
∗−D+
and T 0bcB
∗D0, and calculate partial width of these de-
cays. The full width of the tetraquark T 0bc is evaluated
using these two dominant strong decay channels.
This article is organized in the following manner: In
Section II, from analysis of the two-point correlation
function with an appropriate interpolating current, we
derive sum rules to evaluate the spectroscopic param-
eters of the tetraquark T 0bc. In the next Section, us-
ing the parameters of T 0bc and ones of the final-state
tetraquark, we calculate the partial width of the weak
decays. To this end, we derive the sum rules for the
weak form factors and by means of fit functions extrapo-
late them to the whole region, where an integration over
q2 should be carried out. In Sec. IV we calculate the
partial widths of the strong processes T 0bc → B∗−D+
and T 0bc → B∗D0, and evaluate the full width of the
tetraquark T 0bc if m = 7260 MeV. Section V is reserved
for discussion and concluding notes.
II. MASS AND COUPLING OF THE
AXIAL-VECTOR TETRAQUARK T 0
bc;ud
In this section we extract the spectroscopic parame-
ters of the axial-vector tetraquark T 0bc from the QCD sum
rules. To this end, we start from analysis of the correla-
tion function Πµν(p), which is given by the formula
Πµν(p) = i
∫
d4xeipx〈0|T {Jµ(x)J†ν (0)}|0〉. (1)
Here Jµ(x) is the interpolating current to the axial-vector
tetraquark T 0bc. We suggest that T
0
bc is built of the scalar
diquark and axial-vector antidiquark, and hence its cur-
rent has the form
Jµ(x) = b
T
a (x)Cγ5cb(x)
[
ua(x)γµCd
T
b (x)
−ub(x)γµCdTa (x)
]
. (2)
Here a and b are the color indices and C is the charge
conjugation operator. The current (2) has the antisym-
metric color structure [3c]bc⊗ [3c]ud and describes a most
stable four-quark state with the quantum numbers 1+,
where bTCγ5c and uγµCd
T
are the scalar diquark and
axial-vector antidiquark, respectively.
To derive required sum rules we find, in accordance
with prescriptions of the method, the correlation function
Πµν(p) using the tetraquark’s mass m and coupling f .
We consider it as a ground-state particle, and isolate the
3first term in ΠPhysµν (p)
ΠPhysµν (p) =
〈0|Jµ|T (p)〉〈T (p)|J†ν |0〉
m2 − p2 + . . . . (3)
Equation (3) is obtained by saturating the correlation
function with a complete set of JP = 1+ states and car-
rying out the integration over x. Contributions of higher
resonances and continuum states to ΠPhysµν (p) are denoted
by the dots.
To simplify further the correlator ΠPhysµν (p) it is useful
to define the matrix element
〈0|Jµ|T (p, ǫ)〉 = fmǫµ, (4)
with ǫµ being the polarization vector of the T
0
bc state.
Then in terms of m and f the correlation function
ΠPhysµν (p) takes the form
ΠPhysµν (p) =
m2f2
m2 − p2
(
−gµν + pµpν
m2
)
+ . . . . (5)
The QCD side of the sum rule is determined by the
correlation function Πµν(p), but calculated now by em-
ploying the quark propagators
ΠOPEµν (p) = i
∫
d4xeipx Tr
[
γ5S˜
aa′
b (x)γ5S
bb′
c (x)
]
×
{
Tr
[
γµS˜
a′b
d (−x)γνSb
′a
u (−x)
]
− Tr
[
γµS˜
b′b
d (−x)
×γνSa
′a
u (−x)
]
− Tr
[
γµS˜
a′a
d (−x)γνSb
′b
u (−x)
]
+Tr
[
γµS˜
b′a
d (−x)γνSa
′b
u (−x)
]}
, (6)
where Sabq (x) is the heavy (b, c)- or light (u, d)-quark
propagators. Their explicit expressions can be found in
Ref. [21]. In Eq. (6) we use the shorthand notation
S˜q(x) = CS
T
q (x)C. (7)
The correlation function Πµν(p) contains the different
Lorentz structures one of which should be chosen to get
the sum rules. The invariant amplitudes ΠPhys(p2) and
ΠOPE(p2) corresponding to the terms ∼ gµν are conve-
nient for our aim, because they do not receive contribu-
tions from the scalar particles.
After picking up and equating corresponding invariant
amplitudes, we apply the Borel transformation to both
sides of the obtained expression. This is necessary to sup-
press contributions of the higher resonances and contin-
uum states. Afterwards, one has to subtract continuum
contributions, which is achieved by invoking suggestion
on the quark-hadron duality. The obtained equality ac-
quires a dependence on auxiliary parameters of the sum
rulesM2 and s0: first of them is the Borel parameter ap-
peared due to corresponding transformation, the second
one s0 is the continuum subtraction parameter that sep-
arates the ground-state and higher resonances from each
another.
The final sum rule for the mass of the state T 0bc reads:
m2 =
∫ s0
M2
dssρOPE(s)e−s/M
2∫ s0
M2
dsρOPE(s)e−s/M2
, (8)
whereM = mb+mc. For the coupling f one obtains the
expression
f2 =
1
m2
∫ s0
M2
dsρOPE(s)e(m
2−s)/M2 . (9)
Here ρOPE(s) is the two-point spectral density, which is
determined as an imaginary part of the term in ΠOPEµν (p)
proportional to gµν , and calculated by taking into ac-
count the quark, gluon and mixed vacuum condensates
up to dimension ten.
In addition to M2 and s0, numerical values of which
depend on the considering problem, the sum rules (8)
and (9) contain also the vacuum condensates, as well as
the masses of b and c-quarks
〈q¯q〉 = −(0.24± 0.01)3 GeV3, 〈s¯s〉 = 0.8 〈q¯q〉,
〈qgsσGq〉 = m20〈qq〉, 〈sgsσGs〉 = m20〈s¯s〉,
m20 = (0.8± 0.1) GeV2,
〈αsG
2
π
〉 = (0.012± 0.004) GeV4,
〈g3sG3〉 = (0.57± 0.29) GeV6,
mb = 4.18
+0.04
−0.03 GeV, mc = 1.275
+0.025
−0.035 GeV. (10)
The parameters M2 and s0 should satisfy constraints
that are standard for the the sum rule computations.
Thus, at maximum of the Borel parameter the pole con-
tribution (PC) should be larger than some fixed value,
whereas the main criterium to fix the minimum of a Borel
window is convergence of the operator product expan-
sion (OPE). Additionally, at minimum M2 the pertur-
bative contribution has to exceed the nonperturbative
terms considerably. Because quantities extracted from
the sum rules demonstrate dependence on the auxiliary
parameters, the regions for M2 and s0 should minimize
these side effects, as well.
Our analysis proves that the working regions
M2 ∈ [5.5, 7] GeV2, s0 ∈ [61, 63] GeV2, (11)
satisfy all aforementioned restrictions. Thus, within the
region M2 ∈ [5.5, 7] GeV2 the pole contribution de-
creases approximately from 58% till 34%. A detailed
picture for PC is presented in Fig. 1, where we plot the
pole contribution as a function of M2 and s0. The mini-
mum M2min is found from analysis of the ratio
R(M2) =
ΠDimN(M2, s0)
Π(M2, s0)
, (12)
where Π(M2, s0) is the Borel transformed and subtracted
function ΠOPE(p2). In the present work as a measure
of the convergence we use the sum of last three terms
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FIG. 1: The pole contribution as a function of the Borel and
continuum threshold parameters M2 and s0.
in OPE DimN = Dim(8 + 9 + 10) and impose the con-
straint on R(M2): the restriction R(M2min) ≤ 0.01 is
fulfilled at 5.5 GeV2. The perturbative contribution at
M2 = 5.5 GeV2 amounts to 68% of the full result and
overshoots contribution of the nonperturbative terms. In
Fig. 2 we demonstrate the dependence of the mass m on
M2 and s0, where weak residual effects of these parame-
ters are seen.
Our results for m and f read:
m = (7105 ± 155) MeV,
f = (1.0± 0.2)× 10−2 GeV4. (13)
Theoretical errors of the mass is milder than ones of the
coupling, nevertheless all these ambiguities do not exceed
standard limits of sum rule computations reaching 2.2%
and ±20% of the corresponding central values, respec-
tively.The spectroscopic parameters of the axial-vector
tetraquark T 0bc evaluated in this section form a basis for
our further investigations.
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FIG. 2: The same as in Fig. 1, but for the mass of the
tetraquark T 0bc.
III. SEMILEPTONIC DECAYS T 0bc → T
+
cc;ud
lνl
As it has been emphasized above for m = 7105 MeV
the tetraquark T 0bc is stable against the strong and
electromagnetic interactions, because then m resides
85/190 MeV and 45 MeV below the strong and electro-
magnetic thresholds, respectively. The semileptonic de-
cays T 0bc → T+cc;udlνl of the tetraquark T 0bc are caused by
weak transition b→W−c→ clν of the heavy b-quark. It
is not difficult to see, that due to large mass difference be-
tween the tetraquarks T 0bc and T
+
cc;ud
, all of the transitions
T 0bc → T+cc;udlνl with l = e, µ and τ are kinematically al-
lowed. We restrict ourselves by considering only the dom-
inant process b→W−c, because the decay b→W−u due
to smallness of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix element |Vbu|2/|Vbc|2 ≃ 0.01 is suppressed relative
to the first one. The W− boson can also create a quark-
antiquark pair W− → qq′, which afterwards forms a pair
of conventional mesons. But creating of two mesons from
qq′ requires additional quarks q′′q′′ appearing due to a
gluon g emitted from one of q or q′ quarks. As a result,
multi-meson processes T 0
bc;ud
→ T+
cc;ud
M1(qq
′′)M2(q
′q′′)
are suppressed relative to the semileptonic decays by the
additional factor α2s|Vqq′ |2, which makes them subdomi-
nant among decays of T 0
bc;ud
.
At the tree-level, the transition b→W−c is described
by means of the effective Hamiltonian
Heff = GF√
2
Vbccγµ(1− γ5)blγµ(1− γ5)νl. (14)
Here GF is the Fermi coupling constant, and Vbc is the
element of the CKM matrix. After substituting Heff be-
tween the initial and final tetraquark fields and factoring
out the leptonic piece we get the matrix element of the
current
J trµ = cγµ(1− γ5)b, (15)
which has to be calculated in terms of the weak form
factors Gi(q
2): they parameterize the long-distance dy-
namics of the transition
〈Tcc(p′)|J trµ |T (p, ǫ)〉 = mG0(q2)ǫµ +
G1(q
2)
m
(ǫp′)Pµ
+
G2(q
2)
m
(ǫp′)qµ + i
G3(q
2)
m
εµναβǫ
νpαp′β . (16)
In Eq. (16) p and ǫ are the momentum and polariza-
tion vector of the T 0bc, p
′ is the momentum of the scalar
tetraquark T+
cc;ud
. Here we also use the shorthand nota-
tions m = m+mT and Pµ = p
′
µ+ pµ with mT being the
mass of the final-state tetraquark. The qµ = pµ−p′µ is the
momentum transferred to the leptons changing within
the limits m2l ≤ q2 ≤ (m −mT )2, where ml is the mass
of the lepton l.
The form factors Gi(q
2) are key quantities to be ex-
tracted from the sum rules. To this end, we consider the
5following three-point correlation function:
Πµν(p, p
′) = i2
∫
d4xd4yei(p
′y−px)
×〈0|T {JT (y)J trµ (0)J
†
ν (x)}|0〉, (17)
where Jν(x) and J
T (y) are the interpolating currents cor-
responding to the states T 0bc and T
+
cc;u¯d¯
, respectively. The
current Jν(x) has been introduced by Eq. (2). The in-
terpolating current for the state T+
cc;u¯d¯
is given by the
expression:
JT (y) = ǫǫ˜[cTb (y)Cγαcc(y)][ud(y)γ
αCd
T
e (y)], (18)
where ǫǫ˜ = ǫabcǫade. Here, ǫabc[cTb Cγαcc] and
ǫade[udγ
αCd
T
e ] are the axial-vector diquark and antidi-
quark, respectively. Then the scalar designation of the
final tetraquark T 0
bc;ud
stems naturally from the inter-
nal structure of the initial four-quark state T 0
bc;ud
, which
is the axial-vector particle composed of the scalar di-
quark bTCγ5c and axial-vector antidiquark uγµCd
T
. The
semileptonic decay T 0
bc;ud
→ T+
cc;ud
+W− runs through
b → W−c, which transforms the scalar diquark bc to
the final axial-vector cc, leaving, at the same time, un-
changed the initial light antidiquark; the light axial-
vector antidiquark ud appears both in the initial and fi-
nal states. The designation of T+
cc;ud
as an axial-vector
requires ud to be a scalar, which implies additional
spin-rearrangement in the initial axial-vector ud diquark,
which evidently suppresses the corresponding process.
Our strategy to derive sum rules for the form factors
Gi(q
2) is the same as in all of this kind studies. In fact,
to determine the phenomenological side of the sum rule
ΠPhysµν (p, p
′) we express the correlation function Πµν(p, p
′)
in terms of the spectroscopic parameters of particles in-
volving into the decay process. Afterwards we find the
QCD side (or OPE) side of the sum rules ΠOPEµν (p, p
′)
by computing the same correlation function in terms of
quark propagators. By matching the obtained results and
utilizing the quark-hadron duality assumption we extract
sum rules and evaluate the physical quantities of inter-
est. Because the quark propagators contain quark, gluon
and mixed vacuum condensates, the sum rules express
the physical quantities as functions of nonperturbative
parameters.
In the context of this approach the function
ΠPhysµν (p, p
′) can be recast into the form
ΠPhysµν (p, p
′) =
〈0|JT |Tcc(p′)〉〈Tcc(p′)|J trµ |T (p, ǫ)〉
(p2 −m2)(p′2 −m2T )
×〈T (p, ǫ)|J†ν |0〉+ . . . , (19)
where mT is the mass of T
+
cc;u¯d¯
. In the expression above
we take into account contribution appearing due to only
the ground-state particles, denoting contributions of the
higher resonances and continuum states by the dots.
Transformation of the ground-state term in
ΠPhysµν (p, p
′) can be completed by detailing the ma-
trix elements in its expression. The matrix element
of T 0bc and the matrix element for the transition
〈Tcc(p′)|J trµ |T (p, ǫ)〉 are given by Eqs. (4) and (16),
respectively. The remaining quantity
〈0|JT |Tcc(p′)〉 = mT fT , (20)
has a simple form and depends only on the mass and
coupling fT of the tetraquark T
+
cc;u¯d¯
. Benefiting from
these explicit formulas, for ΠPhysµν (p, p
′, q2) we obtain
ΠPhysµν (p, p
′, q2) =
fmfTmT
(p2 −m2)(p′2 −m2T )
×
{
mG0(q
2)
(
−gµν + pµpν
m2
)
+
[
G1(q
2)
m
Pµ
+
G2(q
2)
m
qµ
](
−p′ν +
m2 +m2T − q2
2m2
pν
)
−iG3(q
2)
m
εµναβp
αp′β
}
+ . . . . (21)
The function ΠOPEµν (p, p
′) forms the second side of the
sum rules:
ΠOPEµν (p, p
′) = i2ǫǫ˜
∫
d4xd4yei(p
′y−px)
(
Tr
[
γαS˜b
′e
d (x − y)
×γνSa
′d
u (x− y)
]
− Tr
[
γαS˜a
′e
d (x− y)γνSb
′d
u (x− y)
])
×
(
Tr
[
γµ(1− γ5)Sia
′
b (−x)γ5S˜bb
′
c (y − x)γαScic (y)
]
−Tr
[
γµ(1− γ5)Sia
′
b (−x)γ5S˜cb
′
c (y − x)γαSbic (y)
])
.
(22)
The required sum rules for the form factors Gi(q
2)
can be obtained by equating invariant amplitudes cor-
responding to the same Lorentz structures both in
ΠPhysµν (p, p
′, q2) and ΠOPEµν (p, p
′). Because in the three-
point sum rules the invariant amplitudes are functions
of p′2 and p2, to suppress contributions of higher reso-
nances and continuum states we have to apply the dou-
ble Borel transformation over these variables. As a result,
the final expressions depend on a set of Borel parameters
M
2 = (M21 , M
2
2 ). The continuum subtraction is per-
formed in two channels using two continuum parameters
s0 = (s0, s
′
0). The form factor G0(q
2) is obtained by
using the structure gµν and reads:
G0(M
2, s0, q
2) =
1
mfmfTmT
∫ s0
M2
ds
∫ s′
0
4m2
c
ds′
×ρ0(s, s′, q2)e(m
2−s)/M2
1 e(m
2
T
−s′)/M2
2 . (23)
The form factors Gi(q
2) (i = 1, 2, 3) are derived employ-
ing other Lorentz structures in the correlation functions:
Gi(M
2, s0, q
2) =
m
fmfTmT
∫ s0
M2
ds
∫ s′
0
4m2
c
ds′
×ρi(s, s′, q2)e(m
2−s)/M2
1 e(m
2
T
−s′)/M2
2 . (24)
6Quantity Value
mT (3845 ± 175) MeV
fT (1.16± 0.26) × 10
−2 GeV4
me 0.511 MeV
mµ 105.658 MeV
mτ (1776.82 ± 0.16) MeV
GF 1.16637 × 10
−5 GeV−2
|Vbc| (41.2 ± 1.01) × 10
−3
TABLE I: The mass and coupling of the final-state tetraquark
T+
cc;u¯d¯
and other parameters used in numerical computations.
The sum rules (23) and (24) are written down in terms
of the spectral densities ρi(s, s
′, q2) which are propor-
tional to the imaginary parts of the corresponding terms
in ΠOPEµν (p, p
′). They contain the perturbative and
nonperturbative contributions, and are calculated with
dimension-5 accuracy.
To compute the weak form factors Gi(M
2, s0, q
2) we
need numerical values of parameters which enter to the
sum rules. The vacuum condensates are given in Eq. (10),
whereas the spectroscopic parameters of the tetraquark
T+
cc;u¯d¯
is borrowed from our work [22]. The mass and
coupling of the initial particle T 0bc have been calculated
in the previous section; these and other parameters are
collected in Table I. In computations, we impose on the
auxiliary parameters M2 and s0 the same constraints as
in the mass calculations: the set (M21 , s0) for the initial
particle channel is determined by Eq. (11), whereas the
set (M22 , s
′
0) for T
+
cc;u¯d¯
is chosen in the form [22]
M22 ∈ [3, 4] GeV2, s′0 ∈ [19, 21] GeV2. (25)
Results of sum rule calculations in the case of G0(q
2),
as an example, are shown in Fig. 3. The similar predic-
5.5
6.0
6.5
7.0
M12HGeV2L
3.0
3.5
4.0
M22 HGeV2L
0
1
2
 G0¤
FIG. 3: The form factor |G0| = |G0(5 GeV
2)| as a function
of the Borel parameters M21 and M
2
2 at s0 = 62 GeV
2 and
s′0 = 20 GeV
2.
tions have been obtained for the remaining form factors
Fi(q
2) F i0 c
i
1 c
i
2 m
2
fit (GeV
2)
F0(q
2) −0.92 0.43 −9.36 50.48
F1(q
2) 10.87 2.83 3.69 50.48
F2(q
2) −2.61 0.32 4.44 50.48
F3(q
2) −13.79 2.06 3.31 50.48
TABLE II: The parameters of the fit functions Fi(q
2).
as well. The sum rule results for the functions Gi(q
2)
are necessary, but not enough to calculate the partial
width of the process T 0bc → T+cc;u¯d¯lνl. The reason is
that these form factors determine its differential decay
rate dΓ/dq2 (see, Appendix in Ref. [16]). The par-
tial width Γ should be found by integrating dΓ/dq2 over
q2 within limits allowed by the kinematical constraints
m2l ≤ q2 ≤ (m − mT )2. But sum rules do not cover
all this region, and give reliable results within the limits
m2l ≤ q2 ≤ 8 GeV2. Therefore, one has to introduce the
model functions Fi(q
2), which at accessible for the sum
rule computations q2 coincide with Gi(q
2), but can be
extrapolated to the whole integration region.
There are different analytical expressions for the fit
functions. The functions
Fi(q
2) = F i0 exp
[
ci1
q2
m2fit
+ ci2
(
q2
m2fit
)2]
, (26)
are convenient for our purposes. Here F i0, c
i
1, c
i
2 and
m2fit are the fit parameters numerical values of which are
collected in Table II. Our predictions for the partial width
of these channels are:
Γ(T 0bc → T+cc;u¯d¯e−νe) = (1.44± 0.35)× 10−10 MeV,
Γ(T 0bc → T+cc;u¯d¯µ−νµ) = (1.43± 0.34)× 10−10 MeV,
Γ(T 0bc → T+cc;u¯d¯τ−ντ ) = (0.43± 0.11)× 10−10 MeV.
(27)
Using Eq. (27) it is not difficult to find the full width
and mean lifetime of T 0bc
Γ = (3.3± 0.5)× 10−10 MeV,
τ = 1.99+0.36−0.26 × 10−12 s, (28)
which are among results of the present work.
IV. STRONG DECAYS T 0bc → B
∗−D+ AND
T 0bc → B∗D
0
Calculations of the mass of the tetraquark T 0bc, per-
formed in Section II, due to uncertainties of the sum rule
method do not exclude also prediction m = 7260 MeV.
In this scenario T 0bc is strong-interaction unstable particle
and decays to conventional mesons B∗−D+ and B∗D0.
7Let us note that here we restrict ourselves by consider-
ing only S-wave decay channels of the tetraquark T 0bc.
Below we present in a detailed form our analysis of the
decay T 0bc → B∗−D+ and provide final predictions for
T 0bc → B∗D0.
In the context of the QCD three-point sum rule method
the strong decay T 0bc → B∗−D+ can be studied using the
correlation function
Π˜µν(p, p
′) = i2
∫
d4xd4yei(p
′y−px)〈0|T {JB∗µ (y)
×JD(0)J†ν (x)}|0〉. (29)
Here Jν(x), J
D(x) and JB
∗
µ (x) are the interpolating cur-
rents for the tetraquark T 0bc and mesons D
+ and B∗−,
respectively. The Jν(x) is given by Eq. (2), whereas for
the remaining two currents we use
JB
∗
µ (x) = u
i(x)iγµb
i(x), JD(x) = d
j
(x)iγ5c
j(x). (30)
The 4-momenta of the tetraquark T 0bc and meson B
∗− are
p and p′, therefore, the momentum of the meson D+ is
q = p− p′.
We follow the standard recipes and calculate the cor-
relation function Π˜µν(p, p
′) using both the physical pa-
rameters of the particles involved into the process, and
quark propagators. Separating the ground-state contri-
bution from ones due to higher resonances and continuum
states, for the physical side of the sum rule, we get
Π˜Physµν (p, p
′) =
〈0|JB∗µ |B∗−(p′, ǫ′)〉〈0|JD|D+(q)〉
(p′2 −m2B∗)(q2 −m2D)
×〈D
+(q)B∗−(p′, ǫ∗′)|T (p, ǫ)〉〈T (p, ǫ∗)|J†ν |0〉
(p2 −m2) + . . .
(31)
The functionΠ˜Physµν (p, p
′) can be simplified by express-
ing the matrix elements in terms of the tetraquark
and mesons’ physical parameters. The matrix element
〈T (p, ǫ∗)|J†ν |0〉 can be found using Eq. (4). We introduce
also the matrix elements of the final-state mesons
〈0|JD|D+〉 = m
2
DfD
mc
,
〈0|JB∗µ |B∗−(p′, ǫ′)〉 = mB∗fB∗ǫ′µ. (32)
Here mD, mB∗ and fD, fB∗ are the masses and decay
constants of the mesons D+ and B∗−, respectively. In
Eq. (32) ǫ′µ is the polarization vector of the meson B
∗−.
We model 〈D+(q)B∗−(p′, ǫ∗′)|T (p, ǫ)〉 in the form
〈D+(q)B∗−(p′, ǫ∗′)|T (p, ǫ)〉 = g1(q2) [(p · p′)
×(ǫ · ǫ∗′)− (p · ǫ∗′)(p′ · ǫ)] (33)
and denote by g1(q
2) the strong form factor correspond-
ing to the vertex T 0bcB
∗−D+. Then, it is not difficult to
see that
Π˜Physµν (p, p
′) = g1
m2DmB∗mffDfB∗
mc(p2 −m2)(p′2 −m2B∗)
× 1
(q2 −m2D)
[
1
2
(m2 +m2B∗ − q2)gµν − pµp′ν
]
+ . . .(34)
The correlation function Π˜Physµν (p, p
′) has Lorentz struc-
tures proportional to gµν and pµp
′
ν . We work with the
invariant amplitude Π˜Phys(p2, p′2, q2) that corresponds to
the structure ∼ gµν . The double Borel transformation of
this amplitude over variables p2 and p′2 forms the phe-
nomenological side of the sum rule.
To find the QCD side of the three-point sum rule, we
calculate Π˜µν(p, p
′) in terms of the quark propagators
and get
ΠOPEµν (p, p
′) =
∫
d4xd4yei(p
′y−px)
{
Tr
[
γ5S
jb
c (−x)γ5
×S˜iab (y − x)γµS˜aiu (x − y)γνSbjd (x)
]
− Tr [γ5Sjbc (−x)
×γ5S˜iab (y − x)γµS˜biu (x− y)γνSajd (x)
]}
. (35)
As in the case of the correlation function Π˜Physµν (p, p
′)
here, we also isolate the structure ∼ gµν and find the am-
plitude Π˜OPE(p2, p′2, q2). The standard manipulations
with invariant amplitudes yield the following sum rule
g1(q
2) =
2mc
mB∗mffDfB∗
q2 −m2D
m2 +m2B∗ − q2
×em2/M21 em2B∗/M22 Π˜OPE(M2, s0, q2), (36)
where M2 = (M21 ,M
2
2 ), and s0 = (s0, s
′
0) are the
Borel and continuum threshold parameters. Apart from
q2, the form factor g1(q
2) is also a function of the
Borel and continuum threshold parameters which, for
simplicity, are not shown explicitly in Eq. (36). The
set (M21 , s0) corresponds to initial tetraquark channel,
whereas (M22 , s
′
0) describes the channel of the heavy fi-
nal meson B∗−. Here, Π˜OPE(M2, s0, q
2) is the invariant
amplitude Π˜OPE(p2, p′2, q2) after the double Borel trans-
formation and continuum subtraction procedures:
Π˜OPE(M2, s0, q
2) =
∫ s0
(mb+mc)2
e−s/M
2
1 ds
×
∫ s′
0
m2
b
ds′e−s
′/M2
2 ρ
(
s, s′, q2
)
. (37)
The spectral density ρ(s, s′, q2) is calculated as an imag-
inary part of the relevant amplitude and contains the
vacuum condensates up to dimension 5.
The parameters, i.e., the vacuum condensates and
masses of the b and c quarks, which are necessary for nu-
merical computations are given by Eq. (10). The mass
and coupling of the tetraquark T 0bc have been calculated
in the present work. The spectroscopic parameters of the
8B and D mesons are moved to Table III. The auxiliary
parameters for the T 0bc channel are chosen in accordance
with Eq. (11). For the set (M22 , s
′
0) we use the regions
M22 ∈ [4.5, 5.5] GeV2, s′0 ∈ [32, 34] GeV2. (38)
The sum rule method for g1(q
2) gives reliable predic-
tions only for q2 < 0. Therefore, we introduce a vari-
able Q2 = −q2 and denote the new function as g1(Q2).
The width of the decay T 0bc → B∗−D+ has to be com-
puted using the strong form factor at the mass shell of
the D+ meson q2 = m2D. This point is not accessible to
sum rule computations, but the problem can be solved by
employing a fit function G1(Q2), which at the momenta
Q2 > 0 coincides with QCD sum rule predictions, but
can be extrapolated to the region of Q2 < 0. Then, using
the interpolating function G1(Q2),one can find g1(−m2D).
The function G1(Q2) does not differ from ones that we
have used in Eq. (26), a difference being only in replace-
ment of the fitting mass with the mass of the tetraquark
m2fit → m2
G1(Q2) = G10exp
[
c˜11
Q2
m2
+ c˜12
(
Q2
m2
)2]
. (39)
The parameters G10 , c˜11 and c˜12 have been fixed from
numerical analyses G10 = 1.11, c˜11 = 14.33, and c˜12 =
−120.69. This function at the mass shell Q2 = −m2D
gives
g1 ≡ G1(−m2D) = (0.25± 0.03) GeV−1. (40)
The width of decay T 0bc → B∗−D+ is determined by the
formula
Γ[T 0bc → B∗−D+] =
g21m
2
B∗
24π
λ
(
3 + 2
λ2
m2B∗
)
, (41)
where
λ
(
m2,m2B∗ ,m
2
D
)
=
1
2m
[
m4 +m4B∗ +m
4
D
−2 (m2m2B∗ +m2m2D +m2B∗m2D)]1/2 .
Using Eqs. (40) and (41) one can easily calculate width
of the decay T 0bc → B∗−D+
Γ
[
T 0bc → B∗−D+
]
= (31.1± 6.2) MeV. (42)
The second process T 0bc → B∗D0can be explored by
the same manner. Here, we take into account that inter-
polating currents have the following forms
JB
∗
µ (x) = d
i
(x)iγµb
i(x), JD
0
(x) = uj(x)iγ5c
j(x). (43)
The remaining operations are standard manipulations in
the context of the sum rule method. Therefore, we do
not see a necessity to provide a detailed information on
them. Let us note only that the fit function G2(Q2) has
Quantity Value
mD (1869.61 ± 0.10) MeV
mD0 (1864.84 ± 0.07) MeV
mB∗ (5325.2 ± 0.4) MeV
fD = fD0 (203.7 ± 4.7) MeV
fB∗ (210± 6) MeV
TABLE III: Masses and decay constants of the final-state B
and D mesons.
the parameters G10 = 1.11, c˜21 = 14.40, and c˜22 = −121.11.
At the mass shell of the meson D0 for the strong coupling
we get
g2
(−m2D0) = (0.26± 0.03) GeV−1, (44)
and
Γ[T 0bc → B∗D0] = (32.4± 6.3) MeV. (45)
Then, in the second scenario the full width of the axial-
vector tetraquark T 0bc is
Γ = (63.5± 8.9) MeV. (46)
This prediction for Γ is the main result obtained using
the second option for m.
V. DISCUSSION AND CONCLUDING NOTES
In the present work we have studied, in a rather de-
tailed form, the axial-vector tetraquark T 0bc. As we have
emphasized in Section I, there are different predictions
for its mass and stability properties in the literature.
We have calculated the mass m and coupling f of this
tetraquark by means of the QCD sum rule method. Our
result for m does not allow us to solve unambiguously
a problem with stability of the tetraquark T 0bc. Thus,
the central value of the mass 7105 MeV obtained in the
present work is below both the strong and electromag-
netic thresholds, and therefore in this scenario T 0bc can
transform to conventional mesons only through the weak
transitions. But taking into account theoretical errors
of computations and using the maximal allowed value
m = 7260 MeV, we see that T 0bc becomes unstable against
the strong and electromagnetic decays. We have explored
both of these scenarios and calculated the width and life-
time of T 0bc.
In the framework of the first scenario, we have cal-
culated the partial width of the semileptonic decays
T 0bc → T+cc;u¯d¯lνl (l = e, µ and τ) and evaluated the full
width Γ = (3.3 ± 0.5) × 10−10 MeV and mean lifetime
τ ≈ 2 ps of the T 0bc. In our previous work [20] we com-
puted the same parameters of the scalar tetraquark Z0bc.
It is instructive to compare parameters of the scalar and
axial-vector bcud states with each other. The scalar com-
pound Z0bc with the mass 6660 MeV has a more stable
9nature and lives τ ≈ 28 ps which is considerably longer
than τ ≈ 2 ps of the T 0bc. Because the scalar tetraquark
T+
cc;u¯d¯
decays strongly to a pair of conventional D+D0
mesons [22], it is not difficult to estimate branching ra-
tios of three decay channels of T 0bc:
BR(T 0bc → D+D0e−νe) ≃ 0.44,
BR(T 0bc → D+D0µ−νµ) ≃ 0.43,
BR(T 0bc → D+D0τ−ντ ) ≃ 0.13. (47)
If mass of the tetraquark T 0bc is at around of 7260 MeV,
it can decay strongly to conventional mesons. In present
article we have explored this scenario as well, and cal-
culated partial widths of S-wave decay channels T 0bc →
B∗−D+ and T 0bc → B∗D0. The full width Γ = (63.5 ±
8.9) MeV of T 0bc estimated employing these dominant
decay modes characterizes T 0bc as a typical unstable
tetraquark. Branching ratios of the strong decay modes
are equal to
BR(T 0bc → B∗−D+) ≃ 0.49,
BR(T 0bc → B∗D0) ≃ 0.51. (48)
As is seen, theoretical errors of sum rule computations
and, as a result, different predictions for the mass of the
tetraquark T 0bc do not allow us to interpret it unambigu-
ously as strong- and electromagnetic-interaction stable
or unstable particle. The scenarios studied in our article
provide useful information on features of the axial-vector
tetraquark T 0bc and may be useful for its experimental
and theoretical investigations.
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